). ML phase increased E 2 (37±2 to 117±9 pg/mL; P<0.001), P (1±0 to 11±1 ng/mL; P<0.001), and MSNA (12±1 to 15±1 bursts/min; P=0.02), but did not alter mean arterial pressure (83±2 to 83±2 mm Hg; P=0.91). ΔMSNA was correlated with ΔE 2 (r=−0.50, P=0.003) and ΔE 2 /ΔP (r=−0.52, P=0.002) but not ΔP (r=0.21, P=0.13). There was no association between Δmean arterial pressure and ΔE 2 (r=−0.13, P=0.49), ΔP (r=−0.04, P=0.83), or ΔE 2 /ΔP (r<0.01, P=0.98). In conclusion, sympathoexcitation during the ML phase of the ovarian cycle seems to be dependent, in part, on the degree of sex steroid surges. This dynamic interaction among E 2 , P, and MSNA likely explains previously reported inconsistencies in the field; it remains possible that other sex steroids, such as testosterone, might explain further variance. phase were included. If subjects participated across multiple studies, only the first study was used for data analysis to avoid duplication. After exclusion of assumed anovulation (ie, lack of progesterone surge during ML), a total of 30 premenopausal women (age, 28±1 years; body mass index [BMI], 23±0 kg/m 2 ) were available for final analysis. All subjects were premenopausal with regular and consistent menstrual cycles, and no subjects reported perimenopausal symptoms.
S ympathetic overactivity plays a critical role in the pathogenesis of hypertension, atherosclerosis, and congestive heart failure. Epidemiological studies consistently report that premenopausal women are at lower risk for cardiovascular disease compared with age-matched men, and it has been suggested that lower sympathetic tone may contribute importantly to this premenopausal cardioprotection. 1 Conversely, cardiovascular risk accelerates more aggressively in postmenopausal women when compared with age-matched men, and eventually cardiovascular risk eclipses men in late life. 2 The development of preventative and therapeutic strategies aimed at reducing the risk of cardiovascular disease in women, particularly after menopause, requires a comprehensive understanding of neural cardiovascular interactions across the entire lifespan of a woman (ie, pre-and postmenopause).
In recent years, several laboratories have used microneurographic techniques to directly assess postganglionic muscle sympathetic neural activity (MSNA) during the ovarian cycle in premenopausal, eumenorrheic women. Ettinger et al 3 reported that MSNA did not differ between the early follicular (EF; low estradiol, low progesterone) and late follicular (high estradiol, low progesterone) phases of the ovarian cycle. However, when MSNA was compared between the EF and mid luteal (ML; high estradiol, high progesterone) phases, Minson et al 4 reported higher resting MSNA during ML. Carter and Lawrence 5 were unable to replicate this finding but did report augmented MSNA recovery to mental stress during the ML phase. Subsequent studies both support 6, 7 and refute [8] [9] [10] [11] [12] the concept that resting MSNA is elevated during the ML phase.
It has been suggested that estradiol and progesterone exert opposing actions on MSNA. More specifically, estradiol has been suggested to be sympathoinhibitory, 13, 14 whereas progesterone has been suggested to be sympathoexcitatory. 3, 15 Thus, it is possible that variable surges in these sex steroids during EF and ML might help explain inconsistencies in the field regarding resting MSNA and the ovarian cycle. Accordingly, we tested the hypothesis that the degree of sympathoexcitation during the ML phase (∆MSNA) is associated with changes in estradiol and progesterone.
Methods

Subjects
Subjects were retrospectively analyzed from 5 previous studies. 4, 5, 8, 9, 12 Original inclusion and exclusion criteria were consistent across laboratories (see original articles), and all studies were approved by the corresponding institutional review boards. For the present analysis, only subjects with concurrent measurements of resting MSNA, mean arterial pressure (MAP), estradiol, and progesterone during both the EF and ML Abstract-The influence of the ovarian cycle on muscle sympathetic nerve activity (MSNA) remains controversial. Some studies report an increase of resting MSNA during the mid luteal (ML) phase of the ovarian cycle compared with the early follicular phase, whereas other studies do not. These inconsistent findings may be attributable, in part, to the variable surges in estradiol and progesterone. We tested the hypothesis that the degree of sympathoexcitation during the ML phase (ΔMSNA) is associated with changes in estradiol (ΔE 2 ) and progesterone (ΔP ) were available for final analysis. All subjects were premenopausal with regular and consistent menstrual cycles, and no subjects reported perimenopausal symptoms.
Experimental Protocol
Detailed experimental protocols are outlined in the original studies. 4, 5, 8, 9, 12 Briefly, all subjects were studied twice, once during the EF phase (days 2-5 after the onset of menstruation) and once during the ML phase (days 8-10 after the luteinizing hormone surge). The order of testing was randomized 5, 8, 12 or counterbalanced 4,9 for each study. Each study used urinary ovulation kits to confirm the luteinizing hormone surge, and ML testing was consistently performed 8 to 10 days after this detection. Baselines were recorded in the supine 4, 8, 9 or prone 5, 12 position and ranged from 3 to 6 minutes. Venous blood samples were collected to determine estradiol and progesterone levels and to confirm a surge of both estradiol and progesterone during the ML phase.
Measurements
Seated resting arterial blood pressures were recorded via an automated sphygmomanometer before microneurography instrumentation. R-waves were detected using electrocardiogram, and multifiber recordings of MSNA were recorded using the microneurography technique. 16 In 1 of the studies (n=8), heights and weights were only measured on first visit (ie, EF or ML), thus BMI were calculated based on 1 visit. For the remaining studies, BMI was determined during both EF and ML phases, and the value reported (and used in the multiple regression analysis) is the mean of those 2 visits. Importantly, BMI did not differ between phases in the 22 subjects measured during both phases (P=0.89), and the BMI values were strongly correlated (R 2 =0.94, P<0.001).
Data Analysis
R-waves from the electrocardiogram were detected and marked in the time series. Integrated bursts of muscle sympathetic nerve recordings were detected using ≈3:1 burst-to-noise ratio within a search window of ≈0.5 seconds based on an average expected burst peak latency of 1.3 seconds after the previous R-wave. Sympathetic bursts of activity were expressed as burst frequency (bursts/minute) and burst incidence (bursts/100 heartbeats).
Statistical Analysis
Statistical analysis was performed using SPSS 20.0 (SPSS Chicago, IL). Paired t tests were used to compare basal levels of MSNA, MAP, heart rate, estradiol, and progesterone during the EF and ML phases. Multiple linear regression (stepwise) was performed with changes in MSNA and MAP as the dependent variables, and changes in estradiol, changes in progesterone, age, and BMI as independent variables. To avoid issues of collinearity, we performed bivariate linear regressions examining changes in MSNA and MAP as dependent variables and changes in the estradiol-to-progesterone ratio (E 2 /P), age, and BMI as the independent variables. Multiple linear regressions were also performed during EF and ML phases (independently) using absolute MSNA as dependent variable and absolute estradiol and progesterone, as well as age and BMI, as independent variables. All multiple linear regressions were probed for outliers, and we did not detect any outliers as defined as 3 SDs from the mean. Changes in MSNA, MAP, estradiol, and progesterone were calculated as ML minus EF. Significance was determined as P<0.05; data are presented as mean±SE.
Results
The Table demonstrates that estradiol and progesterone were significantly elevated during the ML phase (P<0.001). The ML phase was associated with modest, yet significant, increases in resting MSNA expressed as either burst frequency (P=0.017) or burst incidence (P=0.013). Resting heart rate and arterial blood pressures were not different between EF and ML phases. The stepwise multiple regression excluded age and BMI in all analyses performed; thus age and BMI did not significantly influence reported relations. For the stepwise multiple regressions that included changes in E 2 and changes in P, model 1 included changes in E 2 as the independent variable and model 2 included changes in both E 2 and P as independent variables. The Figure demonstrates that changes in MSNA were negatively correlated with changes in estradiol (P≤0.005) and the E 2 /P ratio (P=0.002), and tended to be positively correlated with changes in progesterone (P=0.13). Changes in MAP were not significantly correlated with changes in estradiol (r=−0.132, P=0.487), progesterone (r=−0.042, P=0.825), or the E 2 /P ratio (r=0.004, P=0.983). Absolute (ie, raw) MSNA values expressed either as burst frequency or incidence were not correlated with absolute (ie, raw) estradiol or progesterone levels during either the EF or ML phase.
Discussion
Consistent with our hypothesis, sympathoexcitatory responses to the ML phase of the ovarian cycle seem to be related, in part, to the degree of sex steroid surge. More specifically, increases in estradiol were significantly correlated with decreases in MSNA during the ML phase. Although changes in progesterone were not significantly correlated with MSNA, it is important to note there was a trend toward significance (P=0. 13) , and that the strongest association between the changes in sex steroids and MSNA was observed when changes in estradiol and progesterone were considered as a ratio (ie, E 2 /P). Our findings are consistent with the prevailing concept that estradiol is sympathoinhibitory and progesterone is sympathoexcitatory. Collectively, our findings suggest that the variable surges in estradiol and progesterone likely explain previously reported inconsistencies in the field regarding the influence of the ovarian cycle on resting MSNA.
In addition to providing a unifying explanation for previously reported inconsistencies, [4] [5] [6] [7] [9] [10] [11] [12] our data suggest a need to more carefully consider interactions among various sex steroids. Our findings demonstrate that the strongest associations were between changes in MSNA and changes in the E 2 /P ratio. However, even the E 2 /P ratio explained only ≈27% of the variance in ∆MSNA. It remains plausible that 17 reported that polycystic ovary syndrome was associated with elevated resting MSNA, and that the extent of sympathoexcitation was significantly related to testosterone. More recently, Carter et al 18 suggested that relations between MSNA and testosterone may also exist in men. Although the cyclical fluctuations of estradiol and progesterone during the ovarian cycle are well recognized and studied, we need to acknowledge that testosterone (1) is produced in women and (2) fluctuates throughout the ovarian cycle. Much like progesterone, testosterone tends to be highest during the ML phase of the ovarian cycle, yet the relations between changes in testosterone and MSNA during the ovarian cycle have not been investigated. Moreover, the effects of other sex steroids (ie, follicle stimulating hormone, luteinizing hormone, etc) on MSNA also remain unclear. Given the dynamic interactions among estradiol, progesterone, and MSNA in the present study, it seems prudent to consider the potential action of other sex steroids that fluctuate throughout the ovarian cycle.
Recent evidence suggests that the complex relations among MSNA, vascular tone, and β-adrenergic sensitivity change with age. Specifically, in contrast to young women, postmenopausal women demonstrate a positive relationship between MSNA and total peripheral resistance in the absence of β-adrenergic blockade. 19 Moreover, this positive relationship between MSNA and total peripheral resistance remains positive in postmenopausal women during β-adrenergic blockade. 19 These findings suggest that the ability to offset MSNA-mediated vasoconstriction with β-adrenergic vasodilation may be attenuated in older women. It remains unclear whether these altered neurovascular responses in postmenopausal women are related to the sudden drop in endogenous sex hormones or simply the aging process. And although it remains controversial, what is the role of estrogen replacement therapy? Weitz et al 20 and Vongpatanasin et al 14 have reported that transdermal estrogen replacement therapy decreases MSNA at rest in postmenopausal women, but neural-vascular interactions were not adequately examined. Thus, we maintain it is important to understand neuralvascular interactions across the entire female lifespan. The present data advance this important field by clarifying that sex steroid fluctuations in premenopausal women indeed influence resting MSNA, but that the level of sex steroid surge is important. Previous discrepancies in the field were likely attributable to the variability in surges of estradiol, progesterone, and, perhaps, other sex steroids during the ML phase among premenopausal women. In recent years, interindividual variability of MSNA has received much attention, 21 and we posit that interindividual variability in sex steroid surges may also be fundamentally important when considering autonomic control in women. Moreover, as noted earlier, the interaction among the various sex hormones may be important, and this has received little attention to date.
In addition to sex steroids, changing levels of renal-adrenal hormones may also explain additional variance. It has been 
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Figure.
Scatterplots of the changes in muscle sympathetic nerve activity (MSNA) and changes in sex steroids during the ovarian cycle (calculated as mid luteal minus early follicular). The left column depicts MSNA expressed as burst frequency, and the right column depicts MSNA expressed as bursts incidence.
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found that the fluctuations of estrogen and progesterone during the menstrual cycle affect the renin-angiotensin-aldosterone system (RAAS) in young women. [22] [23] [24] [25] [26] [27] Specifically, the RAAS is activated during the ML phase. Studies using oral estrogen and progesterone in postmenopausal women have demonstrated that both hormones can activate the RAAS. 28, 29 However, other data suggest that only progesterone activates the RAAS, whereas estrogen might inhibit the activation of this system. 30, 31 Szmuilowicz et al 27 reported that progesterone may directly contribute to increased luteal phase aldosterone production independent of the RAAS. A recent study showed that there was a significant positive relationship between the change in resting MSNA and the change in direct renin and aldosterone during early human pregnancy. 10 Thus, sympathoexcitatory responses to the ML phase may be attributable to the activation of the RAAS.
Although β-adrenergic sensitivity and RAAS mechanisms may help to explain a lack of sympathetic vascular transduction in the present study (ie, increase of MSNA during ML phase without parallel increase in MAP), they may not be the only explanation. Estradiol is known to elicit endothelial vasodilation via a variety of mechanisms that include NO and prostaglandins or by directly altering membrane ionic permeability of the vascular smooth muscle. 32 It is possible that the increase of resting MSNA and subsequent α-adrenergic vasoconstriction during the ML phase is offset by endothelial and non-endothelial vasodilation, resulting in no change in MAP. Additionally, renal vasodilation has been reported during the luteal phase of the ovarian cycle in young women; 22 thus it is possible that vasodilation of the renal vascular bed may also offset MSNA-mediated vasoconstriction during the ML phase of the ovarian cycle.
Finally, it is worth noting that epidemiological studies suggest that women taking oral contraceptives are at heightened risk for hypertension, 33 yet mechanisms remain unclear. Although this study focused on defining resting MSNA during EF and ML phases in eumenorrheic women, 3 studies from independent laboratories have each confirmed that women taking oral contraceptives do not demonstrate altered resting MSNA during the low and high exogenous hormone phase. 6, 15, 34 However, the type, dosage, and methods of administration differed across and within these studies, 6, 15, 34 and to date there has been no systematic study examining the influence of oral contraceptives on sympathetic neural control in humans. This is an important issue deserving of study, as there is a growing body of evidence that exogenous and combinedhormone oral contraceptives can impact vascular function in different and complex ways from endogenous forms. [35] [36] [37] This presents many important questions, including what role does long-term oral contraceptive use have on MSNA-vascular control? What is the role of β-adrenergic vasodilation in preand postmenopausal women exposed to oral contraceptives throughout long periods of their lifespan? These questions and more remain, and may help explain why women taking oral contraceptives are at heightened cardiovascular risk.
We recognize the limitations associated with retrospective studies, especially studies combining data across laboratories. That said, the 3 laboratories have similar training and extensive experience with the microneurographic technique and use similar acquisition and analysis procedures. The MSNA burst identification guidelines (ie, 3-to-1 noise ratio, a single identifier, etc) were followed consistently across laboratories, thus we believe the aggregated approach is appropriate. Given the invasiveness and difficulty associated with microneurography (particularly in repeated-measures designs), the usage of combined MSNA data sets is becoming increasingly common to obtain sufficient statistical power to adequately address relevant hypotheses. Additionally, we acknowledge the present data set included relatively healthy, nonobese subjects, and that these individuals may not necessarily reflect the growing segment of obese, premenopausal women. Importantly, age and BMI did not seem to alter the findings of this study, but we had a relatively low BMI with little variability (23±0 kg/m 2 ). Given the growing obesity rates worldwide, future work might carefully consider the role of body composition on neural-sex steroid relations.
Perspectives
This study integrated data across multiple laboratories to better understand the role of the ovarian cycle in MSNA control in women. Our results demonstrate that the ML phase of the ovarian cycle is characterized by sympathoexcitation, but that the degree of sympathoexcitation seems to be partially dependent upon the degree of sex steroid surges. Increases in estradiol were significantly correlated with decreases in MSNA during the ML phase, and this relation persisted when changes in estradiol and progesterone were considered as a ratio (ie, E 2 /P). Our findings suggest a dynamic interaction among E 2 , P, and MSNA and likely explain previously reported inconsistencies in the field regarding the influence of the ovarian cycle on resting MSNA. Future studies might carefully consider investigating sympathetic neural interactions in women as they relate to changes in testosterone, estradiol, progesterone, and other sex steroids; such interactions may be critical in understanding mechanisms underlying the sudden surge in cardiovascular risk after menopause.
